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Ferroelectret is a cellular polymer foam that is able to convert compressive and bending forces into electrical signals, which 10 can be used for both sensing and energy harvesting. In the past several research groups have proposed theoretical models that 11 relate the output voltage of the ferroelectret to its mechanical deformation. This is particularly useful for sensing applications 12
where the signal-to-noise ratio is important. However, for energy harvesting applications, a theoretical model needs to include 13 both the voltage across a resistive load and the duration of the electrical signal as energy is an integral of power over time. In 14 this work, we propose a theoretical model that explains the behaviour of a ferroelectret when used as an energy harvester. This 15 model can be used to predict the energy output of a ferroelectret by knowing its parameters, and therefore optimize the harvester 16 design for specific energy harvesting application. 17 18
Introduction 19
A ferroelectret is a thin and flexible porous polymer 20 that can store positive and negative charges in its internal 21 voids after charging. It is then able to convert compressive 22 and bending forces into electrical signals that can be used 23 for both sensing and energy harvesting [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Our 24 previous study has demonstrated that the output energy 25 from porous polypropylene (PP) ferroelectret is sufficient 26 to power a low-power wireless sensor chipset [10] . When 27 a ferroelectret is used in energy harvesting applications, its 28 output pulses can be used to charge an energy storage 29 device, such as a capacitor, to store the energy that 30 generated from the mechanical deformation. This is 31 similar in principle to piezoelectric energy harvesting 32 using piezo ceramics [11, 12] . However, ferroelectret 33 materials are flexible and therefore more attractive for 34 wearable applications. 35 When ferroelectret is used as the sensing material in a 36 sensor, the magnitude of the output voltage and the signal-37 to-noise ratio are the key design parameters [8, 13] . 38 Previous studies [3, [14] [15] [16] To predict the output energy of a ferroelectret, we 82 propose an electromechanical model that treats the 83 ferroelectret as both a capacitor and a spring-mass-damper 84 system. In this model a ferroelectret can be treated as a 85 capacitor with internal spring that provides restoring force 86 when the applied compressive force is released. output voltage when compressed. When the ferroelectret is 1 treated as a capacitor containing charge [3, 28] , its 2 capacitance C will increase as the thickness reduces when 3 a compressive force is applied. Using 33 = and = 4 , the Vout of the ferroelectret can be expressed as 5
where C is the capacitance of the ferroelectret when 7 compressed. Since = ɛ 33 ℎ− ℎ in Figure 3 Since the output electrical signal is a sinusoidal pulse or a 50 trapezoidal pulse closed to sinusoidal shape [10] , Vout can 51 be calculated as
, where V is the peak 52 output voltage. It can be derived that 53
In Eq. (6), the pulse duration∫ ′ can be approximated 55 as ℎ. The resulting kinetic energy 1 2 2 in the system 56 can be neglected due to its small mass, by substituting Eq. 57 (7) into Eq. (6), it can be derived that 58 To summarize, in our proposed model, the output 75 energy = 2 2 of a ferroelectret can be predicted using 76
Eq. (1) or Eq. (2) to estimate V, and using Eq. (10) to 77 estimate t. Therefore, using this model, the amount of the 78 output energy generated from a ferroelectret can be related 79 to its d33 and Young's modulus. 80 81 The cross-sectional morphology of PP and 1 FEP/PTFE/FEP ferroelectrets is shown by SEM images in 2 Figure 5 . Since the PP ferroelectret is fabricated by 3 stretching the original polyolefin material in two 4 perpendicular directions in a continuous biaxial 5 orientation process [29, 30] , its voids are mostly lens-6 shape in the tensile direction as in Figure 5 . Unlike PP, the 7 PTFE film has an open-porous structure. Thus the 8 FEP/PTFE/FEP shows a fiber structure sealed between 9 two solid layers as in Figure 5 . This difference in 10 microstructure contributes to the different Young's 11 modulus of the PP and FEP/PTFE/FEP ferroelectrets. 12 13 method of measuring the stress-to-strain ratio cannot be 17 used in this work because the ferroelectret is less than 100 18 µm thick and the thickness of ferroelectret is not uniform, 19 as shown in Figure 5 . This will cause a large error in the 20 strain measurement. Since the ferroelectret is a quasi-21 piezoelectric material, an alternative method to obtain its 22
Experimental Results 82
Young's modulus is to measure the dielectric resonance 23 spectra (DRS) [15, 31, 32] . ferroelectret sample at applied compressive forces ranging 69 from 100 N to 800 N, using the measured d33 value of 328 70 pC/N, and the capacitances were measured at each applied 71
force. This calculated result was compared with the 72 experimental result, which recorded Vout using an 73 oscilloscope, as shown in Figure 6 since the Young's modulus of FEP/PTFE/FEP was lower 1 than that of PP, the duration t of its output signal should 2 also be lower. From Eq. (7), because the output energy 3 = 2 2 of a ferroelectret is a product of power 2 and 4 time t, it is not necessarily the case that the output energy 5 of FEP/PTFE/FEP will be higher than PP. 6
To confirm this theoretical prediction, we applied 7 trapezoidal function of compressive forces (as shown in 8 Figure 2 ) to the ferroelectret samples, and used an 9 oscilloscope to record their generated electrical signals. 10 The oscilloscope has an internal resistance of 1 MΩ which 11 is treated as the load resistance of the ferroelectret energy 12
harvester. The generated signal from the ferroelectrets are 13
shown in Figure 7 . supported by the results obtained when using these 45 materials to charge a capacitor. As shown in Figure 8 , a 46 2.2 μF capacitor was charged using a FEP/PTFE/FEP 47 sample and a PP sample respectively, under the same 48 trapezoidal compressive forces. It shows that the PP 49 ferroelectret charged the capacitor at a higher rate at the 50 beginning because it generated more energy in each step, 51 due to its longer duration t in the generated pulse. However, 52
as the peak voltage of its pulse was around 3 V as shown 53 in Figure 7 , the capacitor voltage saturated below 3 V. 
